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Climate change impacts on dry land cropping systems
in the Central Great Plains, USA

Jonghan Ko Lajpat R. Ahuja S. A. Saseendran
Timothy R, Green Liwang Ma David C. Niclsen
Charles L. Waithall

Abstract Aoricuitura.l systems models are essential too.is to assess notential climate change
(CC) impacts on crop production and help guid.e policy decisions. In this study, impacts of
projected CC on dryiar..d crop rotatio.ns of wheat-fallow (W.F), wheat-com-fa.liow (WCF),
md wheat-corn-millet (WCM) i.n the i.LS, Central Great Plains (Akron, Colorado) were
simulated using the CERES V40 crop modules in RZWQM2. The CC scenarios fbr COD,
temperature and precipitation were based on a synthesis of Intergovernmental Panel on
Climate Change (IPC( 2OU prolections (‘or Colorado The (‘C for years 2(25. 2050.
2075, and 2100 (Cc projection years) were super—imposed on measured baseline climate
data for 15— 17 years collected during the long-term WF and \VCF I 992-2008). and \VCM
1994 2008i experiments at the location to provide inter—annual ariabilitv For all the CC

projection years. a decline in simulated wheat Geld and an increase in actual transpiration
d uL omn iied to 0 oaseIm tucc h ICes 0 i no’ uanitiant (p 1) ()Nj (

all cases but one. Howeveg corn and proso millet yields i.n al.l rotations and projection years
deciin.ed significantly p<0M5), whic.h resuitm..d in decreased transpiration. Overall, the
projected negati.ve effects of rising temperatui.es on. crop production domi.nated over any
positive impacts of atmospheric CO2 increases in these diwland croppi.n.g system.s.
Si.mulated adaptation via changes i.n pla.,ntin g dates di.d not mitigate the yield los.ses of
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Climatic Change

in eariftr stu.dies. inves: tigator. tiured response ofva.rious crop.s to elevated
temperature in enL losed chambers (eg.. Kimball 1983; AlIen et al. i9h7L These studies
showed relatively 1are flniiitzatin tTect of CO on both C3 and C4 crops, averaging
about 31 32% Ear wheat and soybean and I S for corn and other C4 crops at 550 ppm CO
concentration (Lone et at. 2ttOo). More recentl freeAir CO, Enrichment (FACE)
experiments in agriculture have been directed towards estimation of possible elevated
CO inipacts hut without he teinperawre increases) on tietdcieps under more real[%tlc.
opernair held conditions at diflrent water and nitro en levels ( Ainsvorth and Long
Kimball etal. 0 t. I he [ACE experiments shux ed that yields oiwheat and rIce increased

ol I 1 \ i ids n c t ttc nd vitn anu ‘ —pti\ L Is
Kimball ci al. i. Production of corn and sorghum were not allected. except under

r ut n1iiInp L L ‘ 1 0 (1ttW 0 SJ 1 s i dditio It h ( (j

rerilization effect, one of the reasons [Or the measured enhanced production under elevated
CC) he r 1ccd aon at ii ondtiLtaiwe hiLh tasored aater t4g s

transpiration at the leaf surtdces Baidocchi and \kong JOO(y Leak et al Iri O ). Ihus. the
level of water availability to crops will tnfluence their responses to CO, Similark. the level
of nirrocen to the leat tissue can affect responses to both CO arni water tEa rossmamCla ke
et al 2ut) I ). Most importantly, the concurrent increase in temperatures may have negati\ C

effects on yield, which counteract the posian c effects of CO.
ln an avrncultural .‘vstem. plant gross th and development are roduct f tIle integrated

effects of the various interacting ens ironmental variables (temperature. C0. nutrients.
water, and agronomic management) on ecomhvstalogical processes. It iS impossible to
incorporate all 01 these variables and their interactions in a field experiment (e.g.. FACE) to
study their impacts on agricultural production. Well-calibrated and tested agricultural
system models are essential tools for integration of the various chemical, physical, and
biological processes and their interactions in the system (Ma et al. loon). A validated
system model could be employed to study how the temperature and precipitation changes
associated with enhanced COa level will influence the responses of crops to CO, water and
nitrogen. A.dams et al. (1990) reported that climate chai.ges i.n temperature and precipitation
p.rojected by the GCMs led to reducti.or.s i.n yields and increased crop water demands,
mitigati.ng some or all of the tIC2, enhanced c.rop yields. Saseendran et a.I, (2000) used the
CERE&rice modd to study the impact of climate change on rice production in a humid
tropical en.vironrnent characterized by suboptirnal temperatu.res during the growing season
(June to August summer monsoon) and showed that rice crop yields can .increase from
improvement in day ti..me temperatures predicted by GCMs, Anderson et al. (200) i) used

dimate on corn, soybean, and alfalfa producti.ons at 13 sites i.n the Great Lales regicn 1ISifl’

longoerm (1,895—1996) chnatological series, They found that low prec.ipitation and high
rnoistrre stress were chief limitations to simulated crop yie.ids in the region rry t al
(2004) reported notential impacts of climate change on. global crop production, using
different S.RES emissions and sociowconomic scenarios (i.e., A1FI, A.2, Ri, and RI, see
IPCC 007). These scena.rios are based on difidrent as.surnptions about the. G[IG ernis

in the future. The pt’e.Icted that regional di tidrences in crop production are. I ikelu to tuw
stronger throueh time, especially under Al LI and Al scenarios. Fuhiello et at. 2 a 9’)
evaluated the proiectedl climate chanue effects on [S crop roduction of wheat, potato,
corn, and citrus, based on two GE M scenarios. According to their study climate change
resulted in cuznifcant redLictions of’ grain yield 30 to 40° 0 in sonic rainfed production
iz ,L54 ‘ifl 4 d h nr i \ t i Oi11t To 44rfl5 0 t i I

summarized a Lx naty’ne,I J’ses.rnen ni dniond pruduetton of cram corn. so bean, and
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dynamic module contains two —urface residue pools. three soil humus poo1s and three soil
microhial pools. \ mineralization. miri Hcation, denitn tication. ammonia volatilizaion. urea
hydrolysis, and microhial population processes are simulated in detail ShatTr ci aL 20UL).
\Ianaeement practices dmulated in the model include: ullage, applications of irrigation,
manure and fertilizer at diflhrent rates and times 1w ditldrent methods, planting and
harvesting operations, and surface crop residue dvnamic tRojaN and Ahuja Uiii)).

The DSSA[40CERES plant growth module in RZWQM2 simulates phenological
stage. vegetative and reproductive growth, and crop yield and its components. This module
calculates net 1., 1 mass production usi.ng. the radiation use efficiency (RUE) approach.. The
effects of elevated CO on RUE are m.odeled empirically usinc curvili.near multipliers
(Allen et al. .1987; Pe.art. et al, I 989). They used a yintercept term in a modified Michaelis
.Menten equat.ion to fit crop responses to CO2. concentration:

RUEm’ CO
.RUE-

±K
+R1fE

where RUF2, is the asymptotic response limit of (RUE<—RUE) at high CO2 conc.entration,
RUF is the i.ntercept on the yaxis, and is the value of the s uhstrate concentration, i.e.,
C0. at which (RUE -RUE)=0.5 RUEm. Similar approaches were foi.lowed for
simulations of CO2 effects on cropping systems in EPIC (Williams et al. I 989), APSIM,
the Agricultural Production System Simu..l.ator model, (along with nitrogen use efficiency
and water use efficiency) (Reyenga et al. 1 999), and Sirius t.lamieson et al. 2000). Water
stress effects on photosynthesis are simulated by CERES using empirically calculated stress
factors, with respect to potential transpiration and crop water uptake iRitehie and Ottem
Nacke 4X5), Enhancement in CO, concentration also decreases stomata! conductance
(increases stomata! resistance) in the equation for calculating potential transpiration in
DSSAECERES, based on the literature (Allen I Olin, I ‘-OO: Rogers ci a!. I xS). In
RZWQM2. the same algorithm is used to reduce potential transpiration due to CO etfec.t
with the ShuttleworthAVallac.e eciuation. The decrease in potential transpiration demand, in
turn, decreases root water untake and actual transnirallon. and reduces plant water stress-.
Ko m a!. . 2. 4 showed that RZ.WQ\12 simulated the Arizona FACL yield data well (‘or
two ics els of CO at two levels each of water and x

V

I- told data used in this study ‘a crc obtained from the Ion term dr-Lu1d AIteniative Crop
1’ - 0

,.-‘ ,
rF’ i i- vi ,.. ‘

t ,

2 ‘- )
-. I

nce I in)
V CGPRS receives about 420 mm of nc-an annual. precipitatIon
veie earned out on a 5501(1 silt loam soil 112 plOts (4. . 121 2.4,5 ml laid out n an

east west direction with three renticanons in ii. rondomize-d complete Oloek ueslen. sentv
02012 rotatu .ns were in 111.212/ 2,l’a1555(1 WliiOh I iiu•i’ corn sj naflons .O Si- 020(15 200

14 1 01 i it vatmnnts bo s ri ii u 1 1 (‘1 in s H 21

(1 reported dcta]ed cultural practices. plot area, and experiment design. in this study,
‘a e used data from the wheaufallow (WE), wheabcorn$bllosv (WCE), and wheaEcorn
millet (WCM) cropping systems. The WE and \VCF’ data were available far 17 years from
1902 to 200$ and WCM for 15 years from 1994 to 200$. fl WE cropping system was
conducted under both conventional tRIage (.T) and no tj liage (NT) while the WCF an.d
WC\i were prr.cticed. under NT only All phases of all the crop rotati.ons were included
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Sun,rna.ry results of the model caiihrationivalida.tiori fOr whea.t, corn, and millet grain
yields under th.e different cropping systems are reproduced from Sasee.ndra.n et aI, (2..0l0) in
Fig I Simulated grain yidds of wheat A) corn B) and millet (C) corresponded to the
measured grain yields rr..ostiy svii.hin ±1 oct Me Squared Di.fference (RMSD), with
salue lcss than 540 kg ha’ and model cfficienc (E) 0 6 (Nash and Sutchife l90) for all
th..e three crops. These statistics are frequently used. to evaluate the model performanec using
the fbllowi.nrz ff.nulas:

2 n i2

R1f5D [;;o _yi1j

C (S —M2

E . I ...H2 ’

where S is the th simulated value, M, is the ith measured value, 1PIQg is the averaged
ieasured value, and a is the number of data pa.irs E values are equivalen.t to the coefficient
of determination (R2), if the values 01.1 around a I I iir.e of simulated versus .measured data,
but £ is general.iy lower than R2 and can be negative when the pi.edictions are veiy biased
relative to measured variance,

2,4 Projected climate change impacts for the years 2025, 2050, 2075, and 2100

In the IPCC SRES document (IPCC 2007), only three scenarios of BC AIR, and A2 were
studied intensively by climate modeling centers, and the implications of the three scenarios
are si.milar to one another for a 25 to 50year planning and adaptation horizon (Ray et al,

2.00$). The cii.mate c.hanges for Colorado projected by Ray et al, (200$) comprise a
synthesis of m.uitiple rea.iizatior. G.M run.s, which naeans that our cii.mate drivers cart he
viewed as ensemble average c.limate projections for cad... projecti.on period, Based or. the
three scei..arios, the CO2 concentratioi... is projected to increase from 380 ppm in 2005 to
550 ppm i.n.. 2050 (Tdbie I), and by assuming a linear increase we. interpolated the 2025 CO2
c.oncen tmation of 415 ppm. Based on. the SRES A2 scenario, CO2 is pmoiected to increase
from 550 ppm i.n 2.050 to 836 ppm in 2100. Assuming a linear increase in CO with time
from 2.050 to 2100 the 2075 concen.trat.ion wi.lI he 693 ppnv

Table I Climate cbang.e scenarios in Colorado superimposed on. the baseline experim.ent.ai period, based on
‘he v vnasis as mob pIe (1CM pio ecnun by iay as al (2( I’

V CO2 (ppm) Temp increase (2C) Prec.i.pitation ch.ange (%)

AprSe.p Os.tMar AprS.ep CL3P) OcrtMar

2025 4% 19 0.8 10

2050 550 2.7 1.6 20%

%)75 693 3.5 2,4 •%t3%

2.lOO 836 4.3 3.2. 40% +%
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2.008 for WF d WCF and 15 years froi..... I .94 to 2.008 fOr the The.se baseline
years encompassed i.nciuded both above normal and below normal rainfall years, so we
thought these: baseline •io were sufficient. The i.nitial cond.it.ions fOr the soil water an.d
nitrog.en leve.ls for the simui.ations were set equal to an average value fbr the field measured
baseline years. Each year was simu.lated separately starting the average initial conditions,
not in a continuous simulation for all years. to minimize correlation among the. results
among the veazs. Si.mulations were made for effects on c.rop yield of t.he •iJi idual climate
change factors n e CO2 temperature and prcclpltatlon) as uell as their ombmanons Uhe
resu.it.s for 17 or 1.5 years in eac.h case were expressed as c.umulati.ve distribution fanctions
(CDFs). To ohta.in a CDI. the yearly simulated yields are ordered accordi,ng to t.heir value
from the smallest to the largest. Then, the probability of obtaining a ield or less than or
equal to eac.h simulated yield value is com..pute..d as the ratio of its: seri.al number to the total
number of values in the set, Thus, the cumu.iative probabilities vary betwee zero md one.

25 Simulation of the effe:cts of past measured climate and CO, changes on the cropping

We simulated whea.t, com and proso millet yields in three rotations (WF \CF and WCM)
to see h.ow historical increases in CO2 (from 300 to 380 ppm) and assoc.iated weather as
recorded a.t the station f.rom 1912 to 2008 may have affected the yi.elds, T.hree separate
sin. ulations were run with three CO2 concentrations (300, 340 and 380 ppm). In this case,
each combination of the crop rotation and CO2 concentration was run continuously for
96 years. starting with an average initial condition in 1912. The crop cultivars and other
management practices were based on current experiments. The simulated crop yields over
the 96 years are presented as cumulative distribution functions (CDF5).

26 Statistical evaluation of simulations

The mean values of the CDFs for different projection years as described in. Section 2A were
tested statistically for significance of differences from the mean of baseline C.DF using the
Duncan’s Multiple Range Test (DMRT 1955) using PROC GL.M (SAS version ff2, Cary,
NC). \W. also pe.rfOrmed a nonparametric test for the CDF as a whole, the .Ko1mogorov
Smimov (KS) test, usin.g PR.OC NR.R. I, WAY (SAS version ff2, Carp NC) between the
hase.hne C.DF and each of the projection year’s CDE .For this purpose, we assumed that
year to year va.lues within a CDF were. statistically independent, as we simulated each year
separately (.not in a continuous simulation for all years) that minimized the dependence
among years. The DMRT: was applied to the total CDF mean, as well as to mean values for
upper and lower halves of the CDFs, All signific.ance testing used a 95% confiden.c.e level
for both l)MRT an.d KS test, so differences are reported below as: %gnificant’ bas:ed on this

3 Results and discus,s:lon

3,1 Effects of projected climate change on the WE under NT and CT

Cum.ulative distribution fOnction (CDF) of simulate.d wheat yield in WECT for the baseline
years were compared with the projec.tions ibm 2.025, 2050, 2.075, and 2 l 00 foi. effects of
indi.vidual fa.ctors, as well as their c.omhination.s (Fig. 2). With i.ncreas.ing Cf
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Ttible 2 Statist.ical analysis for the simulation data (Fig. 2) of the fUture climate change imt)acts on winter
nat teid t A) a”d ou tt p ii 13) ss Mat tallow t ft to der converatonol tHu ‘e

.. .5‘r tek[

KS test CDF average Higher CDF Lower t. DL

iFweime I 750t0
0 5 2ti.)),

u30 2d26 29(7 .

Th

l3i-elu’.e
- I

7t2 21 1 24’)

750 3i2

frrs l2.9t.M 161(7

Baseline - I 2546

7t(75 20(70 Oni I

(705 7220 2S2-(7 161

7 00 227(7 2501 1 6ofl

l3aselir,e l974’ 254(7 1403

2025 0941 190ff 241(7 13S5

2050 0.941 188(7 2365” 13Q

2075 0941 2007” 2555 1458’

2100 0.415 l627a 223r 1021”

All factors combined

mm

5Yiek. and transpiration data w tnalyzed with both Kolmogorov-Smimov ((7(7) test a.nd I
Multiple Rage Test (IYMRT), The data were divided into the averages of all CDT data (CDT (7-i), upper CDL
(data higher than C DF 0) and lower CDT (data lower than CDT (15)

Combine tion of CO, temneratu e. anI precipitation projections

The values with the so erseri t letters are not. stsntft.cantly different (.DiffTh at 95% eon uidence

2025), the yield decreased Fite. fbi with a stati.stically significant differences (Mt.ble 2).
With precipitation change scenarios, yield increase was not statistically significant 1 Fig. f,
Table 2). \k oh all three taetors—eomhmed the yield eenerallv decreased. but the ield
decreases were not sieni ticunt Fin. 2d. ‘Idhle 21. The CDFs of transpiration changes
showed an overall sinniticant increase with time. even thounh the vieki decreased 1 Fig. do.

Table .21. -“1 u’nrrests that demands on lrunpiration would increase due to the temperature
tncreasc eves-s at some loss’er

4i) Springer
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/1.
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Seasenal total transpiration (mm)

Fig. 3 Cumulative distribution function (UJF) of whe.at grain yield in. no tillagl:. (1272 under the whean
laIb s t 12Fj cropp ng 13srcm . mnanng rrmu’atd seld for ne 17 baseline wars 11 992—200) a rh the
prnjectinns of yi,eld caused by a COY b temperature; e nrecipitatron; d all three thctorswcmhined Irir the
yea.rs 2025, 2050, 307% and 21 oo; and: e CDF uf seasonal total transpiration for the proje.cte:d years
corresponding to 6

amounts in WCM were significantly lower than those in WCF and WE Also, the seasonal
precipitation change scenarios did not affect wheat yields in the WCM rotatioa.
Difierancee in the yield betssecn rho scenarios were relatively small Significant
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lahle 3 St::t1 Ilir the nu1:ion delJ Fte, of the future Jnrate ehjnee
,‘he,tt .5 ott rot thretton tB under the ,he;tOe 1i

vro.i

KS es!, ;DF 11eher (OF Loner (‘OF

tAt tnt

4 rpm) cOhn Baseline 253(0 327(0 1657°

415 2591’ 3320’ 177(0

550 2828’ 3614’

693 3026’ 3796’ 2224

836 318(0 3913’ 2293’

Baseline 253•0’ 3279’

2025 204(0° 281(0° 1179°

2050 1769° 2442” 1012°

2075 1.652!! 2352°’ 865°’

2..I.00 134(0 20.64’ 557’

Baseline 253(0’ 3279’ 168(0

2025 2588’ 3345 1736’

20.50 2680’ 371’ 1893’

2075 2.747’ .3381’ 2028’

2100 2789’ 5757’ 2134’

,‘\ll Liners combined” Baseline 2530’ 3279’ 168(0°

2025 0,953 2292’ 3055’ 1433°

2050 0,953 251’)’ 3182’ i7(0°

2075 0,454 2647’ 31 u)’ 2060’

100 0 734 2257’ 296” 1578’

[3

tic., z 4 “ ‘,,‘

“ “ ,, — 4 A -

IJtth.tato ictin ii

) the climate change scenarios on corn yield and transpiration in the WCM

notation n as qualitatively similar to those in the \\ CF rotation t Fie. 23. However, the
average yields and transpiration amounts in WCM v crc significantly lower than those in
\\ CF Yield and transpiration decreased with the climate change scenarios of temperature
alone, precipitation alone, and the three factors-combined change scenarios, Significant
di tIerences were fbund between the upper part of the CDFs of’ the yield for the ‘increasi.ng
temperature’ scenafios and between the average and upper C DF s oh the i.eld.s for the ‘three
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ThbIe 4 Statistic..al ana.lvsis for the simulation d.ata (Fig. 5) of the• future chmate cha.nge impacts on corn
yield IA) and on rnnsplranon tID irder the beat vorn aPoss I55U

Yie.125

KS test CL) average ){ig) CDF Lower CDF

(A) kg ha

(O (ppm) effi Baseline 2603” 3305” 1813”

455 2606” 33125

2607” 3306” 1822”

693 26055 3.302” 1824”

836 2609” 3263” 1851”

Base-line 2603” 33025 18125

2025 2392” 7988’ 1723”
26so )g77 1616”

2075 2077” 2.635”’ 14525

.2.1.00 12685 24725 1340”

Baseline 2603” 3305” 1813”

2025 2496” 3234” 1666”

20.50 2437” 3189” 15925

2075 23725 3134” 1526”

2.100 2303” 3051” 1461”

Basel.ine 2603” 3305” 1813”

2025 0454 231 4”’ 29425 1 599w

2050 0454 2l29l 2760M

2075 0112 l910 2518””

2100 05)46 17485 22885 11 335.

(B)

Yield and transpiration data were analyzed, with- both Kol.mogorowSmirnov (KS) test and. Duncan’s
Llulop’e Rage Teyt IDMPT) Th data were ns iovd nto toe sserages 5) all LDF d ita ‘con 0- u upper ( D
(data higher than CDF 05), and lower CDF (data lower than CDF 05)

Combina.tion of CO2. tempentture, and pcipitati.on molections.

““ The values- with. the same superscript letters are not significantly ditlerent DMRT at 95% conlidenc-e

The CO fertilization effect of .mill.et is statistica.lly insignificant, generally comesponding to
the findings for C4 crops (Long et al. 2006). Millet yields decrease-d with the climate c.hange
scenarios of temperature, precipitation, and the three factormcombined and tran,spiration
aLso decreased with the th.ree factormcomhined scenarios (Fig. 8be). A.ll of these. effects
were- statistically aign.ificant (‘Thhle 5). Clin. ate change impact.s on proso millet have not
been reporte.d elsewhere to our k.nowled.ge.
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simulated yield v as sismticantlv hinher in T than CF I DMRT at 05” confidence intervals).
Wrh inc rea’.Ing CO from 300 to 3Xti ppm which is assumed to be the vanation over the
96 years. grain ield also increased close to as much as the tillage practice difference.
[)flerences in ss..dI water at ma.turity and in transpiration between the ultr.iral practic.es
gneraIly n pot Jed to the ie1d dn1 eL Khakbran u al 0 spoCed reducing
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Climatic Change

Table 5 Stati.stical analysis for the simulation data (Fig. i.l) of t.he climate change i.mpacts on millet
mId (A) nd in tranpt’aciun tB) ender the wheat Lom mulct (B( Mi cwppmg y$em

Yield

KS test Cl)F average Higher (:[)J Lowe.r CDF

415 2609” 3559 1658”

550 2745” 372.8” 1761”

693 2910” 3938” 1882”

836 21260” 4126” 1995”

Baseline 2575”
5l7

16227

222 5 2040” 2.722. I 358””

2050 1732” 2288”

2075 1539” 2109” 1042””

2100 1.539” 2 035” 968”

Baseline 2575” 3517” 1632”

2025 2.096”” 2876” 1315”

2050 1926”” 2666”” II 86”

2075 l27” 2412””

2100 1516” 2133”

All thctors combined”” Baseline 2575” 351

2025 1701” 2225”

2050 1405” 2016””

2075 1273” 1791””

(B)

“Yield and transpiration data were analyzed wi.th both K.olmogorowSmimov (228) test and Duncan’s
Multiple Rage Test (DM122), The data. were d tided into the avera.ges of all CDF data (CDF (Dl), upper CDF
(data h.igher than CDF 05), and lower CDF (data lower than. CDF 0.5)

Combination of CO2. temperature, and precipitation projections

“'““ The value.s with the same superscript letters are. not si.gnific.antly difidrent. (DMRT at 9522 ccnfide.nce

Wheat yields were also simulated to vary under th.e different crop rotati.ons of wheaD
(allots (WF) wheatwormfallow (W(F), and tsheatworn millet (WCM) (Fig da) The
simulated yields on 380 ppm CO2 level vari.ed more in WCF (354—5,712 kg ha!) and
WCM (045l5 kg haa) than WF (I,599—3,977 kg ha) Fig. bb). This diffdrence is
attributable to differences in the available soi.i water, fertilizer, and plant residue conditions
in the soil profile. The yields were significantly higher in WF and WCF t.han WCM
acc.ordi.ng to DMRTat 95% confidenc.e intervals (Table 5). Average grain yields of the c.rop
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Simulated corn yields varied from l534 to 4M73 kg ha in WCF and from 0 to
455 7 kg ha in WCM (Fig. I (.)a). Significant difference (DMRT at 95% confidence intervals)
s is an U hateen the corn 5ields in WCI and ‘C\1 di Oh and fable 6) 1h yield
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(C) Corn

I

I

more significantly (within 95% confider.ce interva.ls). an adaptation strategy to
ameliorate the ieid reduction under the climate scenario inva..stigated, simuia.tions usi.ng

early planting dates no to 30 days from the historic.al dates did not show any prom.ising

results. The res.uits 1% no tillage (JhT) versus the conventional tillage (CT) rhowe.d that the
T n hvi ye Ire n F r t t ii ii ( r i \ I

camtthC!n i tenu eonsutent reth the rceom.mended practioe ander current ehrnate.

0 a — i . ii. u h 0 rui 1 x j p at n

CO. tdrtilization, The ldrtilizaiion factors used in earlier models, derived rom the past

enclosure environmental chamber studies. were t ice those of the Ileemi r concentration

enhancement I TAC 1. ) iiidies in the held. I he newer models now use the field liriilrration

factors. the RZWQ\12 model used here was calibrated and validated with the E\CE wheat

data from \1anecpa A/ far CO enrichment effects, re well as different aler and \ levels

%.o et al 3ii I fe, 1 hr model also included the. fidct of QC ye inereasint’ rtomatal
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